Recent research has revealed that more than 1.3 billion tons of food is wasted globally every year. The disposal of such huge biomass has become a challenge. In the present paper, we report the production of the bio-oil by hydrothermal liquefaction of three classes of food waste: meat, cheese and fruits. The highest yield of the bio-oil was observed for meat ($60%) and cheese ($75%), while for fruits, it was considerably low ($10%). The molecular composition of the obtained bio-oil was investigated using ultrahigh resolution Fourier Transform Ion Cyclotron Resonance mass spectrometry and was found to be similar to that obtained from algae. Several thousand heteroatom compounds (N, N 2 , ON 2 , etc. classes) were reliably identified from each sample. It was found that bio-oils produced from meat and cheese have many compounds ($90%) with common molecular formulas, while bio-oil produced from fruits differs considerably ($30% of compounds are unique).
Introduction
Recently, the Food and Agriculture Organization of the United Nation has reported that roughly onethird of all foods produced for human consumption is wasted globally. The per capita food waste varies from 100 kg/year in Europe and North America to 10 kg/year in poor regions of Africa and Asia, and the total loss is roughly 1.3 billion tons per year. 1, 2 The disposal of food waste represents a complex technical challenge which is very sensitive to the society. For example, when in 2014 Russian government had prohibited the import of food from the European Union and ordered the destruction of all illegally imported foods, many people initiated protests, although the volume of food destroyed (10 kT) is insignificant compared to the total food waste for the same year in Russia (19,000 kT).
The conversion of food waste to biofuel is a promising approach and recently has attracted considerable attention. 3, 4 Lipids from food waste can be converted to biodiesel with the yield of $97%, 3, 5 and carbohydrates can be hydrolyzed into small sugars 6, 7 which could be subsequently fermented to produce bioethanol. Currently, biodiesel and bioethanol are commercially available products, although their production is costly and only lipid (or carbohydrate) part of the biomass is processed. Bio-oil is a dark brown liquid with a characteristic odor produced due to the treatment of the whole biomass. The production of bio-oil from the feedstock is usually performed via thermochemical conversion such as pyrolysis 8 or gasification. 9 Unfortunately, high content of water in the feedstock makes conventional techniques expensive and ineffective because of the considerable amount of energy required for drying.
The hydrothermal liquefaction (HTL) [10] [11] [12] approach is a promising alternative that does not require predrying of the feedstock. Another advantage is that by HTL the resulting bio-oil is composed not only from lipids but also from carbohydrates and proteins that increase the overall yield of the product. 13 During HTL, the feedstock is thermally treated under humid conditions at temperatures up to 370 C and pressures up to 25 MPa. During such treatment, the feedstock components are passed through hydrolysis and pyrolysis reactions 14 forming a number of liquid hydrocarbons, both soluble and insoluble in water, as well as gaseous and solid reaction products. The desired product of HTL is biocrude oil -liquid hydrocarbons separated from the solid phase and an aqueous solution.
The biofuel obtained by the HTL approach is a complex mixture containing thousands of individual compounds, and the Fourier Transform Ion Cyclotron Resonance Mass-Spectrometry (FT ICR MS) 15 is the most informative approach for the investigation of such samples on the molecular level and many natural complex mixtures such as petroleum, 16 dissolved organic matter, 17 essential oils, 18 biofuel 19 and wood pyrolysis products 20, 21 have already been investigated. The visual analysis of the FT ICR spectra is usually performed using the Kendrick mass defect diagram 22 and the Van Krevelen diagram. 23 In addition to the accurate mass, several methods based on the performance of various ion-molecular reactions such as ozonation, 24 Paterno`-Bu¨chi 25 reaction, H/D exchange [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and some others [36] [37] [38] were proposed for obtaining structural information about the investigated substance. In order to cover a wide range of molecular species including polar and non-polar compounds, the FT ICR should be used in the combination with different ionization techniques: electrospray (ESI), atmospheric pressure photo ionization (APPI), atmospheric pressure chemical ionization (APCI). 39, 40 In the present paper, we report the production of the bio-fuel using HLT of three classes of food waste: meat, cheese and fruits, and the investigation of the samples using FT ICR MS.
Methods

Sample preparation
The samples of cheese, meat and fruits were purchased in the local grocery store. Sample preparation workflow is presented in Figure 1 (a). Before hydrothermal treatment, the samples were chopped and dried at a temperature of 105 C in the drying box Binder VD53.
Laboratory setup for HTL
The design of the laboratory setup is represented in Figure 1 installed inside the reactor, and following temperatures are measured: temperature of the reaction mixture (T 1 ), temperature below the heating element (T 2 ), temperature of the lower flange (T 3 ) and the temperature of the gas-phase component of the reaction products (T 4 ). Also, the pressure inside the reactor was registered. All data were recorded with the interval of 0.1 s. The control of HTL is performed using PC.
MS analysis
The bio-oil was dissolved in MeOH with a concentration of 1 g/L. All experiments were performed on an LTQ FT Ultra (Thermo Electron Corp., Bremen, Germany) mass-spectrometer equipped with a 7 T superconducting magnet. In order to decrease the pollution, disposable ESI emitters were used for each sample. Ions were generated in positive and negative ESI modes. The temperature of the desolvating capillary was set at 300 C. The infusion rate of the sample was 1 mL/min and the needle voltage was 3000 V. The archived resolving power was 400,000 with each spectrum being the average of 100 scans. Prior to the analysis, the LTQ FT was calibrated using the standard Thermo calibration mixture.
For each peak in the peak list, the following variables were calculated: histogram. Similar to the KMD, the REM 2 histogram convolves the spectrum first by CH 2 series and then by H 2 . Therefore, each peak in the REM 2 histogram corresponds to different heteroatoms. Using the inhouse developed software, in an R environment, we have determined peaks on the REM 2 histogram, annotated the heteroatom class and then determined molecular formulas of all compounds. The software was previously described in detail. 41 
Results and discussions
The reactor was loaded with 150 ml of distilled water and 30 g of dried sample. Further, the reactor was sealed and purged with nitrogen. Then, the reactor was heated up to a temperature of 300 C. The duration of the heating process up to reaching a temperature of 300 C was about 120 min, and the exposure at 300 C was 60 min. Figure 1(d) shows the temperature plot during HTL experiment. In the reactor, a pressure close to the pressure of the saturated water vapor corresponding to a temperature of 300 C (closed to 100 bar) was established and maintained with the help of a valve. Gaseous products of HTL were passed through gas bubblers where they were cooled down and then were passed through a gas flow meter. At the end of the process, the ohmic heater was turned off and the reactor was cooled to room temperature for about 5 h. The reactor was then opened and the condensed products (a mixture of an aqueous solution of organic compounds and a solid residue) were removed from the reactor and placed in a glass flask. Then, the contents of the flask (solid and liquid products of HTL) were left for 72 h to separate the phases depending on their densities (see Figure 2 ). In the experiments using cheese and meat, the product of HTL (after settling on the glass) consisted of a solid residue, the aqueous solution of organic compounds and undissolved oil; the density of which was less than the density of water solution (oil floated on the top). In the experiment using apples, the product of HTL (after settling on the glass) consisted of a solid residue and an aqueous solution of organic compounds, and oil was not observed.
The oil films were removed from the flask by using a spatula, were placed on a Petri dish and were dried using a drying box at a temperature of 75 C until the termination of the change of its mass. The solid residue was separated from the aqueous solution by filtration using a Buchner funnel, Bunsen flask and vacuum pump. Next, the solid residue was dried at 105 C until the termination of the change of its mass.
To determine the concentration of organic compounds in an aqueous solution, five samples of volume 1 cm 3 were removed with a syringe and then poured into five test tubes. The tubes were placed in a drying box at a temperature of 75 C for evaporation of water. Drying was stopped once the mass of each tube has stabilized and not changed within 2 h. The mass of samples was measured using an analytical balance Sartorius Cubis MSA324S. Table 1 presents the mass of the residue obtained after evaporation of 1 cm 3 of an aqueous solution at a temperature of 75 C. The greatest quantity of dissolved organic matter in an aqueous solution after the HTL was observed in the experiment with meat, and lowest in the experiment with apples. The results of the determination of HTL products yield for cheese, meat and apples are presented in Table 2 . Highest yield of liquid biofuels (oilþWSOM) (water-soluble organic matter) was achieved in the case of cheese -75.8% (relative to the mass of the initial raw material in the dried state). A relatively lesser yield was obtained for meat -60.5%. In the case of apples, the yield of the liquefied product is just 9.9%, while the yield of solid product (hydrocarbon) is almost 40%. The lowest yield of solid residue was found in the experiment with meat -3.9%, in the experiment with cheese, the yield of solid product amounted to 16.5% (see Figure 3) . The analysis of molecular composition of the samples was performed using ultrahigh resolution FT ICR. Figure 4 shows the full range mass spectrum for following samples: oil and WSOM from meat, oil and WSOM from cheese, WSOM from apple. It can be seen that similar to the crude oil, humic substances and bio-oil produced from algae, the bio-oil produced from food waste is a very complex mixture. The m/z of compounds spans the region from 100 to 600 Da. Several peaks can be found at each nominal mass. The spectra were obtained in both positive and negative ESI modes (see supplementary Figures S1 and S2 ), but because only few compounds were observed in negative ESI mode, we have analyzed the data obtained only from the positive mode.
The data were analyzed using the in-house developed software. The software allows the convolution of the spectrum first by CH 2 series, then by H 2 and performing interactive data analysis. The software was previously described elsewhere. 41 The screenshots demonstrating the work of the software are presented in Figures 3S and 4S .
For all five samples, we have calculated the Kendrick mass defect diagram, weighted Kendrick mass defect histogram and determined the molecular formulas. The data are shown in Figure 5 and in supplementary Figures S5 to S9. The number of reliably identified molecular formulas after filtration and deisotoping were 4711 (meat oil), 2182 (meat WSOM), 4344 (cheese oil), 3088 (cheese WSOM) and 3383 (fruits WSOM).
From Figure 5 , it can be seen that weighted Kendrick histogram is more convenient than the KMD diagram for the analysis of the homology series in the samples. We can see that in the bio-oil produced from meat (oil and WSOM) compounds containing 1 and 2 nitrogen dominate; however, ON 2 , N 3 , O 2 N 2 classes are also present. In the bio-oil produced from The mass spectrum of the bio-oil produced by the HTL of fruits considerably differs from that of the other samples. The portion of the N and N 2 classes is relatively low and the class ON dominates in the spectrum. The portion of other oxygen-containing molecules considerably increased. Such results are reasonable because meat and cheese mainly consists of proteins and lipids and fruits are mainly carbohydrates. It can also be observed that compounds in the oil samples are more saturated than the WSOM samples.
In Figure 6 is presented the Venn diagram showing the intersection of the molecular formulas between samples. It can be seen that the highest number of unique molecular formulas (1157) is present in the bio-oil produced from fruits. For all the five samples, a total of 153 common formulas were found. For samples without fruits, 570 common formulas were found.
Conclusion
Food waste can be considerate as a potential source for the production of bio-oil using the HTL approach. The highest yield of the bio-oil was observed for the meat ($60%) and cheese ($75%), while for fruits, it was considerably low ($10%). The HTL of raw material produces solid fraction, WSOM, oil and gaseous fraction. Only WSOM and oil are suitable for further processing and producing fuel. The molecular composition of all processed samples was investigated using FT ICR and was found to be similar to that obtained for algae. Several thousand compounds were reliably identified for each sample. Various heteroatom compounds such as N, N 2 , ON 2 classes were observed. Compounds constituting the oil fraction are more saturated than the compounds constituting the WSOM fraction. The WSOM fraction obtained from fruits is less similar to other samples. This is consistent with the low protein and lipid content in the fruits. In the oil fraction from meat and cheese, N 2 compounds are seen predominantly , while in the regular fossil oil N compounds are seen predominantly. In the WSOM fraction, the portion of N compounds increases. Based on our results, it is recommended to maintain high content of lipids and nitrogen in the reaction mixture in order to obtain biooil from food waste similar to that obtained from algae.
Authors' contributions
The manuscript was written through contributions from all the authors. All authors have given approval to the final version of the manuscript.
Declaration of conflicting interests
The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.
Funding
The author(s) disclosed receipt of the following financial support for the research, authorship, and/or publication of this article: The investigation of the sample using ultrahigh resolution mass spectrometry was supported by Russian Science Foundation (grant no. 14-24-00114). The development of the HTL reactor was supported by Russian Science Foundation (grant no. 17-19-01617).
